Microstructure and high temperature oxidation behaviour of laser weldments of 316L and 316LN steels have been found to influence by the variation in welding speed. Ferrite content and ferrite morphology change for both type 316L and 316LN laser weld with welding speed. Laser weldments consisting mainly of weld metal and base metal region of two austenitic stainless steels (ASS) were oxidized in dry air at 973 K for 240 h. Steel weldment was found to have a higher oxidation rate when joined with lower welding speed of 11.66 mm/s as compared to 25 mm/s speed. On the other hand, 316LN steel weldments have indicated much superior oxidation resistance property under similar condition. Oxidation behaviour of two ASS weldments has been correlated with microstructure and oxide scales formed over the different regions have been characterized by scanning electron microscopy (SEM/EDXA).
Introduction
Austenitic stainless steel (ASS) such as Type 316L is usually preferred over other austenitic varieties as a major structural material due to its corrosion resistance and superior mechanical properties both at low and elevated temperature. Furthermore, 316L stainless steel containing nitrogen (316LN) exhibits several unique characteristics such as superior strength at ambient high temperatures, excellent corrosion resistance in various media and is prime material to replace other more expensive materials. Joining of such stainless steels presents unique challenges since non-equilibrium nature of the process results in loss of nitrogen from the fusion zone and partially melted zones during welding procedures typically used for stainless steels such as gas tungsten arc welding (GTAW). Loss of nitrogen from the molten base metal can result in severe weld porosity and reduced solid solution strengthening. 1) On the other hand, laser beam welding (LBW) offers a unique opportunity to join these materials without nitrogen loss and weld porosity due to rapid solidification nature of the process, thus producing joints with strength approaching that of base material. However, the rapid solidification nature of LBW process enables non-equilibrium microstructures to be maintained in the fusion zone with the production of minimal or nonexistent of the heat-affected zone (HAZ).
Micro structural changes due to welding has been reported to influence the oxidation rate particularly by those elements that involve an effective depletion. 2, 3) The complex thermal cycle experienced during welding results in variation of microstructure, oxidation morphology and behaviour. 4) Microstructural variation due to rapid solidification by laser welding (LBW) and its effect on oxidation rate has not been fully investigated. Very little information is available on the kinetics of nitrogen bearing ASS weldments. The present study deals the micro structural variation with laser welding speed and its effect on oxidation resistance.
Experimental Details

Materials
AISI 316L and AISI 316LN ASS in the form of annealed plates of size 110ϫ55ϫ6 mm were procured. The annealing treatment was done at 1 373 K for 20 min. The chemical composition of type 316L and 316LN are given in Table 1 .
Welding Conditions
Weld joint preparation was done by machining on both edges of 6 mm thick coupon to make square butt joints and welding was carried out in 3 kW CO 2 laser with varying speeds keeping all other parameters same for both variety. All welds were performed perpendicular to the plate rolling directions. The laser welding parameters are given in Table  2 .
Metallurgical Analysis
Transverse sections of the welded samples were mechanically ground, polished up to 1 mm diamond finish, cleaned and washed with acetone. The polished and cleaned specimens were etched with aqua regia (HNO 3 : HCl, 1 : 3) and examined for micro structural constituents by SEM.
Oxidation Tests
The specimens for oxidation test were cut out from 6 mm thick laser welded plates into sizes of 6 mmϫ6 mmϫ6 mm keeping the weld metal zone in the central portion using a diamond cutter as shown in Fig 1. The separation of three zones i.e. weld metal, heat affected zone (HAZ), and the base metal in laser welded specimen was very difficult. Therefore the oxidation test was carried out in weldment (composite) consisting mainly weld metal and base metal in order to obtain qualititative behaviour with varying the welding speed.
The composites were mechanically ground and polished up to 1 mm diamond finish, cleaned with water then alcohol and finally washed in acetone. The polished and cleaned specimens were oxidized in a muffle furnace in air. Oxidation tests were carried out for a period of 240 h, at 973 K. The weight gain of composite laser weldments were measured by means of an electronic microbalance (SAR-TORIOUS MP8) with an accuracy of Ϯ0.01 mg.
The oxide scale of weldment was characterized by SEM with corresponding EDAX spectrum. EPMA for Cr and Ni were also made to study the concentration variation of these elements.
Results and Discussion
Microstructure of ASS Welds
SEM microstructure of 316L at lower welding speed (11.66 mm/s) in Fig. 2 (a) as presented shows mixed ferrite morphology of lacy and vermicular near fusion boundary. At higher welding speed of 25 mm/s, the SEM microstructure of same region changes to cellular austenite and lesser amount of ferrite ( Fig. 2(b) ). However, at the centre of the weld, microstructure of vermicular ferrite morphology has been observed irrespective of speed. Again ferrite content first slightly increased and then decreased with further increase in speed of welding. Similar observation was reported by previous researchers. 5, 6) In case of 316LN, the SEM microstructure near fusion boundary at lower welding speed shows cellular austenite with some amount of ferrite ( Fig. 2(c) ). Furthermore, no change in microstructure between fusion boundary and the center portion of the weld has been observed. Almost similar microstructure is observed with increasing welding speed ( Fig. 2(d) ). Cellular austenite indicates the characteristics of primary austenite solidification structure. This variation in microstructure of laser weld in 316LN is due to the presence of austenite stabilizing element nitrogen. As the welding speed is increased, more or less similar trend in decreasing ferrite number is observed for the two types of austenitic stainless steel welds. In case of 316LN, ferrite number has been decreased to a greater extent as shown in Fig. 3 . This could be due to the presence of austenite stabilizing element like nitrogen in type 316LN S.S. Furthermore, a transition to fully austenitic structure in type 316LN is observed at higher welding speed (20 mm/s), no such transition was found for type 316L even at the welding speed of 25 mm/s.
Oxidation Tests
Results of the oxidation test for both 316L and 316LN weldments are shown in Figs. 4(a) and 4(b) respectively. The total oxidation (mass gain per unit area) of 316L laser weldments has been decreased to around 67 % (Fig. 4(a) ) due to increase in laser welding speed from 11.66 to 25 mm/s. On the other hand, change in oxidation rate for 316LN weldments with the welding speed of 15 and 16.66 mm/s change in oxidation rate for 316LN weldments with 15 and 16.66 mm/s speeds was not much but the results confirmed each other. However, as the welding speed is increased to 20 mm/s, the total oxidation rate has been decreased to around 59 % compare to that of 15 mm/s (Fig.  4(b) ). This could be due to slight increase in ferrite (ferrite number) with initial increase in welding speed (up to 15 mm/s) followed by a drastic decrease in ferrite with further increase in welding speed (ϳ20 mm/s) of 316LN. 
Scanning Electron Microscopy-Energy Dispersive X-ray Analyses Investigations
The SEM observation of the cross section of the scale formed over the weldment due to oxidation shows a thin compact layer sticking to the alloy surface. The scale consists of two distinct layers-an inner compact layer at alloy/scale interface and outer layer (top surface) at scale/air interface as in Fig. 5 . Furthermore, change in scale morphology of oxidized samples is observed with change in welding speed. SEM of the top surface (outer) scale formed on the base metal/weld metal interface of 316L weldment with 11.66 mm/s is shown in Fig. 6(a) . Similar SEM observations of the oxidized top scale of weld metal zone alone at lower and higher magnification are presented in Figs. 6(b) and 6(c) respectively. This shows a sharp difference in oxide scale morphology on the weld metal interface zone and the weld metal zone. Comparison of these figures clearly indicates that the scale developed at the interface region appears to be relatively more uniform and fine grained in nature and nodular in shape while that on the weld metal zone is non-uniform and coarse grained having regular geometrical shaped appearance (Figs. 6(b), 6(c) ).
Clustering of oxide grains having definite geometrical shapes have also been observed in some location of the weld metal zone. At higher magnification Fig. 6(c) represents such a clustering of oxide grains having definite geometrical shapes. The pretreatment of 316L ASS by laser welding with varying speed was found to have a significant role on the subsequent oxidation process and oxide scale morphologies.
However, there is hardly any distinct morphological difference of the oxide scales at weld metal interface and weld metal zone of 316L composite weldment prepared with higher welding speed of 25 mm/s (Figs. 7(a), 7(b) ). The comparison of Figs. 7(a) and 7(b) shows, oxide grains of tance. 1,9,10) Furthermore, at a higher welding speed of 20 mm/s the welded zone of 316LN shows fully austenitic structure due to decrease in ferrite number from 3 to 0 (Fig.  3 ). This could be the possible reason for improving the total oxidation rate at a higher speed of 316LN specimen.
During laser welding depletion of Cr in the alloy matrix has been observed. This may be due to intense heating and variable cooling rate of the weldment. Cr enrichment mainly observed at fusion boundary of the weldments. It was also noticed that laser welding produces a HAZ free weldment. It is important to note that chromium concentration increases from base metal to the fusion boundary gradually during laser welding at a speed of 11.66 mm/s (Figs. 11(a),  11(b) ). The chromium concentration profile changes with the change in welding speed. It shows higher peak values in the weld metal zone when laser welded at 25-mm/s speed (Figs. 12(a), 12(b) ). The exact location of affected zone due to depletion of Cr depends on the metallurgical history, plate thickness and rate of heat input and cooling. 11, 12) So it is possible that most of the Cr of the weldment are available for formation of the protective scale. The variation in nickel concentration has not been much influence due to change in welding speed although there is tendency to increase in nickel contents near the fusion boundary in both the cases (Figs. 11(c), 12(c) ).
It is quite evident that there is a major role on change in Cr concentration profile of the base metal zone due to variation in welding speed. The heating intensity and subsequent cooling rate are the main factors for such variation in composition. The average Cr content in the base metal zone and weld metal zone has been decreased to a greater extent in case of slower speed (11.66 mm/s) as shown in Fig.  11(b) . Whereas laser welding with high speed (25 mm/s) shows much less effect on the base metal composition (Fig.  12(b) ) as in this case heating is more rapid followed by a rapid cooling than slower welding speed. Slower welding speed causes Cr enrichment at the fusion boundary whereas higher welding speed shifts this Cr enrichment peak to weld metal zone. Depletion of Cr in the matrix, which is the main corrosion-resisting element of austenitic stainless steel, causes more mass gain per unit area during subsequent oxidation process of the 316L weldment with 11.66 mm/s speed.
The variation of oxidation rate was not much in case of 316LN S.S. weldments with 15 mm/s and 16.66 mm/s welding speed. However, rapid improvement in total oxidation rate has been noted with the laser welding speed to 20 mm/s. The inner scale of 316LN S.S. weldment shows a good protective layer of oxides irrespective of the welding speed. This could be due to formation of chromium nitride precipitate of the grain boundary and also decreases the region of ferrite rapidly in the matrix with the increase of welding speed 5, 13, 14) (Fig. 3) . The presence of nitrogen (600 ppm) which is austenite stabilizer in 316LN has overall decreased the oxidation rate around 34 % compare to 316L under similar condition.
Conclusion
(1) Variation of microstructure is observed from fusion boundary to weld center line for both 316L than 316LN laser weld.
(2) Ferrite content first slightly increased and then decreased with further increase in welding speed. Ferrite morphology also changes for both type 316L and 316LN laser weld.
(3) Improvement in total oxidation behaviour have been observed for both 316L and 316LN weldments with welding speed. The oxidation rate of 316L weldment has been decreased to 67 % due to increase in welding speed from 11.66 to 25 mm/s. This improvement was 59 % in case of 316LN with the increase of welding speed from 15 to 20 mm/s (4) The chromium concentration profile changes with change in welding speed. Slower welding causes Cr-enrichment at the fusion boundary, whereas higher welding speed shifts this Cr-enrichment peak to weld metal zone. 
